To investigate the physiological responses of poplars to amino acids as sole nitrogen (N) sources, Populus × canescens (Ait.) Smith plants were supplied with one of three nitrogen fertilizers (NH 4 NO 3 , phenylalanine (Phe) or the mixture of NH 4 NO 3 and Phe) in sand culture. A larger root system, and decreased leaf size and CO 2 assimilation rate was observed in Phe-versus NH 4 NO 3 -treated poplars. Consistently, a greater root biomass and a decreased shoot growth were detected in Phe-supplied poplars. Decreased enzymatic activities of nitrate reductase (NR), glutamate synthase (GOGAT) and glutamate dehydrogenase (GDH) and elevated activities of nitrite reductase (NiR), phenylalanine ammonia lyase (PAL), glutamine synthetase (GS) and asparagine synthase (AS) were found in Phe-treated roots. Accordingly, reduced concentrations of NH 4 + , NO 3 − and total N, and enhanced N-use efficiencies (NUEs)
Introduction
Nitrogen (N) is an essential macronutrient for plant growth and development. Nitrogen in the soils is often limited in the cropland. To achieve high production of food, a large amount of inorganic N-fertilizers including compounds containing NH 4 + and NO 3 − is widely applied in agricultural ecosystems, leading to serious environmental problems (Xu et al. 2012) . To reduce the amounts of NH 4 + -and NO 3 − -containing fertilizers applied to the environment, organic N-fertilizers, such as amino acids, peptides and proteins, have been proposed in agricultural and forest ecosystems (Nasholm et al. 2009 , Nacry et al. 2013 . Accumulating evidence suggests that most herbaceous crops and woody plants can absorb and utilize amino acids as a sole N source for growth (Nasholm et al. 2009 , Franklin et al. 2017 ). In the soils of some boreal forests, organic N including amino acids, peptides and proteins often accounts for a significant fraction among various N fertilizers (Inselsbacher and Näsholm 2012, Werdin-Pfisterer et al. 2012) . However, the significance of these organic N forms in plant N nutrition remains elusive (Jones et al. 2013 , Kuzyakov and Xu 2013 , Franklin et al. 2017 . Some reports show that amino acids as a sole N source can stimulate plant growth and N-use efficiency (NUE), but other studies have documented that organic N as a single N source has no or even negative effects on plant productivity (Nasholm et al. 2009 , Franklin et al. 2017 . Obviously, more studies are needed to elucidate the physiological and molecular basis for plants uptake and utilization of amino acids in herbaceous and woody plants.
Amino acids are essential compounds for biosynthesis of enzymes, proteins and other N-containing compounds involved in plant growth and defense. Amino acids also take part in signaling cascades by acting as signal molecules or by mediating the conjugation between amino acids and phytohormones to change hormone levels (Tegeder and Ward 2012) . Since amino acids are critical for plants, their biosynthesis and catabolism have been well studied. Amino acids in plant cells come from several sources including biosynthesis from inorganic N sources, direct uptake from soil solution, and degradation of cellular peptides and proteins. Ammonium and nitrate are two major inorganic N forms in soil solution, which can be catalyzed by several key enzymes, such as nitrate reductase (NR), glutamate synthase (GOGAT) and glutamate dehydrogenase (GDH), to synthesize amino acids in plants (Xu et al. 2012) . Another important source for plants is to absorb amino acids by roots from the soil solution. During the uptake process in plant roots, amino acid transporters play a pivotal role (Tegeder 2012) . It is estimated that there are 67 and 134 amino acid transporters in Arabidopsis thaliana and Populus trichocarpa, respectively (Wipf et al. 2002 , Couturier et al. 2007 , Rentsch et al. 2007 ). However, transcriptional regulation of genes encoding these key enzymes and amino acid transporters remains largely unknown in plants under different N chemical forms.
A few amino acids as sole N sources for herbaceous and woody plants have been examined in previous studies (Nasholm et al. 2009 , Stoelken et al. 2010 , Gruffman et al. 2012 . These amino acids include glutamine (Gln), glutamate (Glu), arginine (Arg), glycine (Gly) and alanine (Ala) (Persson et al. 2006 , Nasholm et al. 2009 , Gruffman et al. 2014 . Little attention has been paid to the aromatic amino acid phenylalanine (Phe), although Phe is a key player in plant growth and development (Pascual et al. 2016) . Phenylalanine is a precursor of various compounds, such as phenylpropanoids, flavonoids, anthocyanins, lignin, tannins and salicylate, which are involved in plant growth, reproduction and defense against abiotic and biotic stresses (Pascual et al. 2016) . Particularly, Phe is of importance for lignin biosynthesis during wood formation in woody plants (Pascual et al. 2016 ). In the vascular cells of woody plants, phenylalanine ammonia lyase (PAL) catalyzes the conversion of Phe to trans-cinnamic acid and ammonium, which is re-utilized for amino acid biosynthesis (Shi et al. 2013) . Currently, no information is available about the impacts of Phe as a sole N source on woody plant growth and internal N metabolism.
Populus species are fast-growing woody plants and are widely distributed in the northern hemisphere. In the last few decades, poplar plantations have been widely established to provide materials for the pulp and paper industry, biomass production for biofuels and mitigation for carbon dioxide emission Polle 2009, Studer et al. 2011) . However, most poplar plantations are established on nutrient-poor soils . Nitrogen fertilizers including inorganic and/or organic N are critical for these plantations to achieve higher productivity. Although the effects of inorganic N fertilization on poplar growth and development have been reported , Li et al. 2012 , the influences of amino acids as sole N sources on the physiological and transcriptional responses of poplars remain largely unclear.
In this study, we initially used plantlets of Populus × canescens (Populus tremula × P. alba) (Ait.) Smith supplied with inorganic N (NH 4 NO 3 ) or one of protein-building amino acids to screen the target amino acid (Phe) as a sole N source for poplar growth. Subsequently, saplings of P. × canescens were treated with inorganic N (NH 4 NO 3 ), Phe or the mixture of Phe and NH 4 NO 3 to investigate the physiological and transcriptional responses to organic and/or inorganic N with the same N level. Measurements of root characteristics, photosynthesis, activities of enzymes involved in N assimilation, N status (i.e., free amino acids, NH 4 + , NO 3 -, total N and N-use efficiency (NUE)), concentrations of mineral nutrients, soluble sugars and starch, soluble proteins and phenolics, and changes in transcript levels of genes involved in N metabolism were conducted. Finally, poplar acquisition of 15 N-labeled N fertilizers was evaluated in P. × canescens. Specifically, we addressed the following questions: (i) Do poplars acquire exogenous Phe as an N resource to support plant growth? (ii) Does Phe as a sole N source stimulate NUE in poplars through enhanced N assimilation process?
Materials and methods

Screening amino acids as a sole N source for poplars
To investigate which amino acids can be used as a sole N source for poplar growth and development, a preliminary experiment of screening amino acids was carried out. Plantlets of P. × canescens (P. tremula × P. alba) were micropropagated in sterile agar plates containing the equivalent of N-free Long Ashton (LA) nutrient medium (0.5 mM KCl, 0.9 mM CaCl 2 , 0.3 mM MgSO 4 , 0.6 mM KH 2 PO 4 , 42 μM K 2 HPO 4 , 10 μM EDTA·Fe·Na, 2 μM MnSO 4 , 10 μM H 3 BO 3 , 7 μM Na 2 MoO 4 , 0.05 μM CoSO 4 , 0.2 μM ZnSO 4 and 0.2 μM CuSO 4 , pH 5.8), 0.6% agar (w/v), 1.6% sucrose (w/v), and one of the following N sources (provided as 2 mM N): NH 4 NO 3 , Ala, valine (Val), leucine (Leu), Gly, serine (Ser), cysteine (Cys), aspartate (Asp), asparagine (Asn), lysine (Lys), threonine (Thr), isoleucine (Ile), methionine (Met), Glu, Gln, Arg, histidine (His), tyrosine (Tyr), tryptophan (Trp) and Phe. To avoid possible autoclaving-induced damage to the amino acids, the above-mentioned amino acids were solubilized in sterile distilled water, sterilizing-filtered (0.22 μm) and then added
Tree Physiology Online at http://www.treephys.oxfordjournals.org to the autoclaved agar mixture. There were six plates with one plant in each plate for each N source treatment. Plantlets in agar plates were grown in a climate chamber (day/night temperature, 25/18°C; relative air humidity, 50-60%; light per day, 14 h and photosynthetic photon flux, 150 μmol m -2 s -1
) for 10 weeks before harvesting.
At harvest, the roots and shoot of each poplar plantlet were separated. The poplar roots were carefully cleaned from agar plates, rinsed in 0.5 mM CaCl 2 solution followed by the sterile water. Immediately, the root system of each poplar plantlet was scanned by an Epson Perfection V700 modified flatbed scanner (J221A, Seiko Epson Corporation, Nagano-ken, Japan) and analyzed using the WinRHIZO root analyzer system (WinRHIZO version 2012b, Regent Instruments, Montreal, Canada) as described by Ma et al. (2014) . Briefly, the roots were excised from the stem and subsequently arranged in a Perspex tray with a shallow film of water to avoid overlapping of roots. Then, the roots in the tray with water were scanned and the images were analyzed using the WinRHIZO system. Subsequently, poplar roots were ground into fine powder in liquid N with a Ball Mill (MM400, Verder Retsch, Haan, Germany) and used for the extraction of free amino acids. Free amino acids were extracted from fine powder of poplar roots (~60 mg fresh weight, FW) with 50% ethanol containing 0.1 M HCl and quantified by using a liquid chromatography-mass spectrometry (LTQ-XL, Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the method suggested by Cao et al. (2014) . Briefly, liquid chromatography separations were carried out with XTerra MS C18 Column (5 μm, 150 mm × 4.6 mm; Waters Corp., Milford, MA, USA). Amino acid elution was performed applying a three-step gradient: A 100% for 7 min, 0-100% B linear for 2 min, 100% B for another 5 min, and 0-100% A linear for 1 min, holding the system at 100% A for 5 min with a flow rate of 0.6 ml min −1 . The mobile phase A was an aqueous solution containing 5% acetonitrile and 0.1% formic acid; and mobile phase B was 100% acetonitrile. The mass spectrometer worked in the positive electrospray ionization (ESI) mode.
Poplar cultivation and N treatments
Plantlets of P. × canescens were rooted in agar plates containing the equivalent of half-strength MS medium in the climate chamber as mentioned above. After 5 weeks the rooted plants were planted in10 l pots filled with fine sand (one plant in each pot). Poplar plants were cultivated in a glasshouse (day/night temperature, 25 ± 2.3/18 ± 1.5°C; relative air humidity, 60-70%) with natural light and each plant was supplied with 100 ml LA nutrient solution on the first day followed by 100 ml distilled water in every second day. After 6 weeks, 24 plants with similar heights (~50 cm) were selected and equally divided into three groups. Subsequently, these selected plants were transferred to new pots (10 l) filled with washed fine sand in tap water to avoid N nutrients carrying over into the substrate. Three groups of these plants were provided with N-free LA nutrient solution in combination with one of the N treatments (calculated as 6 mM N): 3 mM NH 4 NO 3 (N), 6 mM phenylalanine (Phe, the reason to use this amino acid is based on the results of the preliminary experiment; see the Results section for details) or 1.5 mM NH 4 NO 3 plus 3 mM phenylalanine (N-Phe, which serves as a transition form). The concentrations of Phe and NH 4 NO 3 that were used in this study were in the range of concentrations of relevant N forms applied to plants in previous studies (Voll et al. 2004 , Cooke et al. 2005 , Lee et al. 2007 , Li et al. 2012 , Plavcova et al. 2013 . The N treatments lasted for 6 weeks. Each poplar shoot was marked in order to recognize the shoot part formed during the N treatments.
Analyses of gas exchange and leaf morphological characteristics and harvest
Before harvest, net photosynthetic rate (A), stomatal conductance (g s ) and transpiration rate (E) of three mature leaves (leaf plastochron index (LPI) = 8-10) in each plant were determined by using a portable photosynthesis system (LiCor-6400; LiCor Inc., Lincoln, NE, USA) with an attached LED light source (6400-02) as described by He et al. (2011) . Additionally, leaf length, leaf width and leaf area were measured by using a digital portable area meter (LI-3000C, LiCor Inc.).
The height of each plant was determined before the harvest. The root system of each poplar was carefully cleaned and FW of the roots was recorded. A number of root tips were collected and examined for ectomycorrhizas under the light microscope as suggested by Ma et al. (2014) . A portion of the roots (~0.5 g) of each plant was excised from the root system, scanned and analyzed by the WinRHIZO root analzer system as mentioned above. Total root length, root surface area, specific root length and specific root surface area of each plant were estimated according to biomass of root system and the ratio of biomass of scanned roots to total biomass of root system as suggested by Ma et al. (2014) . The poplar shoot above (formed during the N treatments) and below the mark was separated, and each part was further divided into wood, bark and leaves. Fresh weight of each tissue was recorded. Subsequently, the samples were wrapped with tinfoil and immediately frozen in liquid N. The frozen root, wood, bark and leaf samples were ground into fine powder in liquid N as described above and stored at −80°C for further analysis. Frozen powder (~100 mg) from each tissue was dried at 60°C for 72 h and weighed to determine the ratio of dry to FW, which was used to calculate the biomass of each tissue (Li et al. 2012) . Fine powder of the leaves derived from the shoot formed during the N treatments and the roots was used for further biochemical and molecular analyses.
Analyses of photosynthetic pigments and anthocyanin
Concentrations of chlorophylls and carotenoids in the leaves were analyzed as described by Wellburn (1994) 
with minor
Tree Physiology Volume 38, 2018 modifications (He et al. 2013) . Additionally, concentrations of anthocyanin in the leaves were analyzed spectrophotometrically according to the method of Mita et al. (1997) with minor modifications (Gan et al. 2016) . Briefly, anthocyanin was extracted from frozen fine powder of leaves (~60 mg) with 100% methanol containing 1% HCl (v/v) by shaking for 24 h at 4°C. After centrifugation (5000g, 4°C, 10 min), the absorbance of the supernatant was used to determine anthocyanin concentrations at 530 and 657 nm, respectively.
Analyses of activities of enzymes involved in N metabolism
Nitrogen metabolism in woody plants is tightly related to the activities of several key enzymes, such as nitrate reductase (NR, EC 1.7.99.4), nitrite reductase (NiR, EC 1.7.2.1), glutamine synthetase (GS, EC 6.3.1.2), glutamate synthase (GOGAT, EC 1.4.7.1), glutamate dehydrogenase (GDH, EC 1.4.1.2), asparagine synthase (AS, EC 6.4.5.4) and phenylalanine ammonia lyase (PAL, EC. 4.3.1.5) , Ehlting et al. 2007 . Thus, the activities of NR, NiR, GS, GOGAT, AS and GDH were determined in the roots and leaves of poplars according to the methods described in detail in previous publications (Lin and Kao 1996 , Romagni and Dayan 2000 , Ehlting et al. 2007 , Wang et al. 2008 , Luo et al. 2013a , Gan et al. 2016 .
For determination of NR activity, root or leaf powder (~100 mg) was extracted in a buffer (100 mM Hepes-KOH (pH 7.5), 5 mM Mg-acetate, 5 mM DTT, 1 mM EDTA, 0.5 mM PMSF, 20 μM FAD, 5 μM Na 2 MoO 4 , 10% (v/v) glycerin, 1% (w/v) polyvinyl polypyrrolidone, 0.5% BSA, 0.1% (v/v) TritonX-100, and either 25 μM leupeptine for leaves or 25 μM chymostatine for roots) as described by Ehlting et al. (2007) . The extract was added to the reaction mixture (100 mM Hepes-KOH (pH 7.5), 6 mM KNO 3 , 6 mM EDTA, 0.6 mM NADH, 12 μM FAD, 6 μM Na 2 MoO 4 , 3 μM DTT, and either 25 μM leupeptine for leaves or 25 μM chymostatine for roots) at 25°C. The reaction was terminated after 20 min by adding 0.6 M Zn-acetate and 0.25 mM phenazinemethosulphate. NO 2 -formation in the solution was determined spectrophotometrically. For NiR activity, root or leaf powder (~100 mg) was extracted in a buffer containing 50 mM Tris-HCl (pH 7.9), 5 mM cysteine and 2 mM EDTA at 4°C as suggested by Luo et al. (2013a) .
For activities of GS, GOGAT, AS and GDH, fine powder (~100 mg) was extracted in a buffer containing 10 mM Tris-HCl (pH 7.6), 1 mM MgC1 2 , 1 mM EDTA and 1 mM β-mercaptoethanol at 4°C as suggested by Lin and Kao (1996) . After centrifugation (15,000g, 4°C, 20 min), the supernatant was used for activities assay of GS, GOGAT, AS and GDH. The activity of GS was assayed based on the method of Wang et al. (2008) . The assay solution contained 80 mM Tris-HCl (pH 8.0), 40 mM L-glutamate, 8 mM ATP, 24 mM MgSO 4 and 16 mM NH 2 OH. After adding the enzyme extract to the assay solution, the mixture was incubated (37°C, 30 min) and the incubation was stopped by addition of the reagent (2.5% FeCl 3 , 5% trichloroacetic acid, 1.5 M HCl). After centrifugation (5000g, 4°C, 15 min), the absorbance of the supernatant was recorded at 540 nm.
The GOGAT assay solution with 0.2 ml of 20 mM L-glutamine, 25 μl of 0.1 M 2-oxoglutarate, 50 μl of 10 mM KCI and 0.1 ml of 3 mM NADH was mixed with 0.25 ml enzyme extract in a final volume of 1.5 ml made up with 25 mM Tris-HCl buffer (pH 7.6). After addition of L-glutamine, the decrease in absorbance was recorded spectrophotometrically at 340 nm.
Activity of AS was assayed based on the method of Romagni and Dayan (2000) with minor modifications. The supernatant (500 μl) was concentrated with a Amicon Ultra 10 K filter (Millipore, Billerica, MA, USA) for 20 min at 4°C. The concentrated supernatant was used for AS activity assay. Asparagine synthase was analyzed with a plant asparagine synthase elisa kit (CK-E95277P, Elisa, Shanghai, China) according to the manufacturer's instructions. The AS activity was determined at 540 nm.
The GDH activity was also determined spectrophotometrically in an assay mixture containing 0.15 ml of 0.1 M 2-oxoglutarate, 0.15 ml of 1 M NH 4 Cl, 0.1 ml of 3 mM NADH and 0.5 ml of the enzyme extract in a final volume of 1.5 ml made up with 0.2 M Tris-HCl buffer (pH 8.0).
The activity of PAL was assayed in the roots and leaves of poplars based on the method of Cheng and Breen (1991) with little modification. Briefly, fine powder (~150 mg) was extracted in a mixture containing 0.05 mM H 3 BO 4 , 5 mM β-mercaptoethanol, 1 mM EDTA-Na 2 , 5% glycerin and 5% PVP at 4°C. After centrifugation (10,000g, 4°C, 15 min), the supernatant was added to the assay solution (20 μM L-phenylalanine, 0.1 M H 3 BO 4 buffer, pH 8.8). The reaction mixture was incubated in the darkness (30°C, 60 min) and the reaction was stopped by addition of 0.2 ml 6 M HCl. The rate of trans-cinnamic acid production catalyzed by PAL was estimated by measuring the absorbance at 290 nm for determination of enzymatic activities.
Determination of free amino acids, NH 4
+ , NO 3 -, total N and NUE Concentrations of free amino acids in the roots and leaves of poplars with the N treatments were determined as described above.
NH 4 + concentrations in the roots and leaves of poplars were analyzed according to the method of Brautigam et al. (2007) with minor modifications (Luo et al. 2013b) . Briefly, fine power (~100 mg) was extracted in a mixture containing 1 ml 100 mM HCl and 500 μl chloroform. After shaking for 15 min at 4°C, the extraction solution was centrifuged (10,000g, 4°C, 10 min). Then the aqueous phase was transferred to a 2 ml tube with 50 mg activated charcoal, homogenized and centrifuged (12,000g, 4°C, 5 min) again. Then 100 μl supernatant was added to 500 μl of a 1% (w/v) phenol-0.005% (w/v) sodium nitroprusside solution in water, and 500 μl of a 1% (v/v) NaClO-0.5% (w/v) NaOH in water. The reaction mixture was incubated at 37°C for 30 min, and NH 4 + concentration was measured spectrophotometrically at 620 nm. NO 3 -concentrations in the roots and leaves of poplars were determined as suggested by Patterson et al. (2010) . In brief, fine power (~100 mg) was extracted in 1 ml deionized water and the suspension was incubated at 45°C for 1 h. After centrifugation (5000g, 20°C, 15 min), the supernatant (125 μl) was added with 0.4 ml of 5% (w/v) salicylic acid in concentrated H 2 SO 4 , and incubated at room temperature for 20 min. Subsequently, 9.5 ml of 2 M NaOH was added to the mixture to adjust the pH value more than 12. Then the solution was cooled at room temperature, and the NO 3 − concentration was determined spectrophotometrically at 410 nm. Total N concentrations in the roots and leaves of poplars were determined according to the methods of Wang et al. (2009) and Schortemeyer et al. (1993) . In brief, fine powder (~100 mg dry weight, DW) was digested in 5 ml 98% H 2 SO 4 . When the solution changed to dark brown, 1 ml 30% H 2 O 2 was added to clarify the digested solution. Then, total N concentration in the digested solution was analyzed by using a Continuous-Flow Analyzer (AA3, Bran-Luebbe, Hamburg, Germany) at 660 nm. The N amount in each tissue was estimated by using the total N concentration of that tissue multiplying the biomass of the relevant tissue.
Nitrogen-use efficiency (NUE) was defined as NUE = biomass/N uptake according to Li et al. (2012) . Where the biomass of new shoots was the DW of shoots formed during the N treatments and the N uptake was the total N amount of the new shoots. Similarly, NUEs were estimated in the shoots (aboveground plant parts) formed during the whole experimental phase and in the plants (roots plus aboveground plant parts).
Determination of mineral nutrients, carbohydrates, soluble proteins and phenolics
Mineral elements in the roots and leaves of poplars were analyzed by Polarized Zeeman Atomic Absorption Spectrophotometer (Model Z-2000 Series, Hitachi Limited, Tokyo, Japan) as suggested by . Concentrations of total soluble sugars and starch in the roots and leaves of poplars were analyzed with the anthrone method as proposed by He et al. (2013) . Soluble proteins were extracted in the roots and leaves of poplars and quantified according to the method of Bradford (1976) . Additionally, soluble phenolics in poplar samples were determined as suggested by Luo et al. (2008) . Briefly, fine power (~60 mg) was extracted twice in 1.5 ml 50% acetone in water and the suspension was incubated at 40°C for 1 h while being stirred thoroughly. After centrifugation (4500 rpm, 4°C, 10 min), the supernatant was used to determine soluble phenolics at 765 nm by using the FolinCiocalteus method.
Analysis of transcript levels of genes involved in N metabolism
Based on the preliminary experimental results of several key genes involved in uptake and assimilation of Phe, NH 4 + and NO 3 − , the transcript levels of genes including ANT1/3/4, PAL1/3, AMT1;2, AMT2;1, NRT1;1, NRT2;4B, NR, GS1/2, asparagine synthetase 2 (ASN2), NADH-dependent glutamate synthase (NADH-GOGAT) and GDH in the roots and leaves of poplars were analyzed by using quantitative RT-PCR, as described previously (Li et al. 2012) . Briefly, total RNA was extracted from fine powder of the roots (~100 mg FW) and leaves (~50 mg FW) of poplars and purified with a plant RNA kit (R6827-02, Omega Bio-Tek, Doraville, GA, USA). Trace genomic DNA in the total RNA extract was digested by DNase I (E1091; Omega Bio-Tek) that is attached to the RNA extraction kit. cDNA was synthesized by the purified RNA using a PrimeScript RT reagent kit (RR047A, Takara, Dalian, China) according to the manufacturer's instructions. Real-time PCR was performed in a 20 μl reaction containing 10 μl 2 × SYBR Green Premix Ex Taq II (DRR081A, Takara), 2 μl cDNA and 0.4 μl 20 μM gene-specific primers (see Table S1 available as Supplementary Data at Tree Physiology Online) using an IQ5 Real Time System (Bio-Rad, Hercules, CA, USA). Actin2/7 was used as a reference gene (Brunner et al. 2004) . PCR was performed in triplicate and in combination with a dilution series of the reference gene. To ensure the primer specificity, PCR products were sequenced and aligned with homologues from P. trichocarpa and other model plants (see Figure S1 available as Supplementary Data at Tree Physiology Online). The efficiencies of all PCR were between 91% and 110% (see Table S1 available as Supplementary Data at Tree Physiology Online).
Poplar acquisition of 15 N-labeled N fertilizers
Plantlets of P. × canescens were micropropagated and cultivated as described above. Poplars with similar growth performance (~40 cm in height) were selected and divided into four groups randomly (each group with six plants). These selected poplars were transferred to LA nutrient solution that was renewed every 3 days in a growth room with similar climate conditions as mentioned above. After 2 weeks, each group of plants was treated with N-free LA nutrient solution in combination with one of the 15 N-labeled fertilizers in a sterile hydroponic system. The N fertilizers were administered as 2 mM Phe and 2 mM NH 4 NO 3 in the media. The four labeling treatments were as follow: Control, nonlabeled Phe and NH 4 NO 3 (Con); NH 4 + , 10 atom% 15 N-labeled NH 4 + (NH); NO 3 − , 10 atom% 15 N-labeled NO 3 − (NO); and Phe, 10 atom % α-15 N-labeled Phe. After 24 h, four groups of poplars treated with 15 N-labeled fertilizers were harvested. To remove 15 N-labeled compounds from the root surface, poplar roots were cleaned thoroughly in 0.5 mM CaCl 2 as suggested by Cambui et al. (2011) . Afterwards, plants were separated into roots, wood, bark and leaves, which were wrapped with tinfoil and immediately frozen in liquid N. The frozen samples were ground Tree Physiology Volume 38, 2018 into fine powder as mentioned above and used for determination of stable N isotope composition (δ 15 N). Stable N isotope composition (δ 15 N) in the roots, wood, bark and leaves of poplars was determined by using an elemental analyzer (Flash 2000 HT, Thermo Fisher Scientific, Inc.) coupled with an isotope ratio mass spectrometer (Delta V Advantage, Thermo Fisher Scientific Inc.) according to the method of Luo et al. (2013a) .
Statistical analysis
All statistical tests were performed with STATGRAPHICS (STN, St Louis, MO, USA). All data were analyzed by one-way ANOVA. Data were tested for normality prior to the statistical analysis. Differences between means were considered significant when the P-value of the ANOVA F-test was less than 0.05. The data obtained from qPCR were analyzed using REST (Pfaffl et al. 2002) . Cluster analysis of gene expression was performed using heatmap.2 in the 'gplots' package in R (http://www.rproject.org/), as proposed by Luo et al. (2013a) .
Results
Phenylalanine is screened as a sole N source for poplars
Although it has been documented that Populus species can utilize amino acids as a sole N source for growth and development (Finzi and Berthrong 2005, Wilson et al. 2013) , different poplar genotypes may have a huge variation in preference to various amino acids as N nutrient sources. To find out which amino acid can serve as a sole N source for P. × canescens, we performed a preliminary experiment to screen these amino acids. Plantlets of P. × canescens were rooted in the media containing NH 4 NO 3 or one of the amino acids: Phe, Gly, Asp, Gln, Glu, Arg, Ala, Ser, Cys, Asn, lys, Thr, Ile, Pro, His, Trp, Tyr; but poplars grown in the media containing Leu, Val or Met as a sole N source were unable to develop roots and died at the end of the experiment (data not shown). According to the superior performance of poplar root and shoot growth, root characteristics and concentrations of amino acids in the roots of P. × canescens grown on the agar media supplied with NH 4 NO 3 , Phe, Gly or Asp were further quantified (see Figures S2 and S3 available as Supplementary Data at Tree Physiology Online). Plantlets of P. × canescens supplied with Phe, Gly or Asp possessed 24-110% higher root biomass than those provided with NH 4 NO 3 (see Figure S2 available as Supplementary Data at Tree Physiology Online). Particularly, poplars grown in the Phe-containing media displayed the highest root biomass, root length, root surface area and specific root length in comparison with those of plants supplied with NH 4 NO 3 , Gly or Asp (see Figure S2 available as Supplementary Data at Tree Physiology Online). Moreover, the concentration of total free amino acids was 204-395% higher in poplar roots grown in the Phe-, Gly-or Asp-containing media than those in the media with NH 4 NO 3 (see Figure S3 available as Supplementary Data at Tree Physiology Online). Further analysis showed that Phe concentration was the highest in the roots of poplars grown in the Phe-containing media compared with those supplied with NH 4 NO 3 , Gly or Asp (see Figure S3 available as Supplementary Data at Tree Physiology Online). The fact that P. × canescens displayed the best growth performance in the Phe-versus other amino acid-containing media indicates that Phe can serve as a sole N source for P. × canescens growth.
Phenylalanine affects the morphological and growth characteristics of poplars
To assess the effects of Phe as a sole N source on poplar growth and development, plants of P. × canescens grown on the fine sand were supplied with one of three N fertilizers (NH 4 NO 3 , Phe or a mixture of NH 4 NO 3 and Phe). Although no ectomycorrhizas were detected in these poplar roots (data not shown), the morphological root characteristics were significantly affected by Phe (Figure 1 ). Root length, root surface area, specific root length and specific root surface area were 31-53% higher in Phesupplied poplars in comparison with their counterparts in inorganic-N-provided plants (Figure 1 ). In addition, the root morphological changes retained an intermediate status in poplars grown with the mixture of NH 4 NO 3 and Phe in comparison with those supplied with either NH 4 NO 3 or Phe (Figure 1) . Additionally, poplar leaf morphological characteristics were also markedly altered by Phe (see Figure S4 available as Supplementary Data at Tree Physiology Online). Leaf length, leaf width and leaf area were decreased by 16-34% in Phe-grown poplars compared with their counterparts in plants provided with inorganic N (see Figure  S4 available as Supplementary Data at Tree Physiology Online). The photosynthetic activity and photosynthetic pigments were also affected in Phe-grown poplars (Table 1 ). The CO 2 assimilation rate (A), stomatal conductance (g s ), transpiration rate (E), concentrations of chlorophyll a and b, and anthocyanin were reduced by 14-63% in Phe-treated poplars compared with those in plants supplied with inorganic N (Table 1) . Interestingly, partial substitution of Phe with NH 4 NO 3 (i.e., the treatment with mixture of NH 4 NO 3 and Phe) significantly relieved the inhibition of photosynthetic activities and recovered the pigment levels in poplars (Table 1 ). In line with root and leaf morphological and photosynthetic changes, Phetreated poplars possessed significantly larger root biomass, but lower shoot biomass, leading to higher root to shoot biomass ratios, in comparison with plants supplied with either inorganic N or mixture of inorganic N and Phe (Table 2) .
Phenylalanine has major effects on the activities of enzymes involved in N metabolism, internal N status and NUE of poplars (N) , Phe or mixture of N and Phe (N-Phe)). Data indicate means ± SE (n = 8). Different letters behind the values in the same column indicate significant difference between the treatments. P-value of the ANOVA of treatment was shown. *P < 0.05; **P < 0.01; ****P < 0.0001; ns: not significant; Chl a, chlorophyll a; Chl b, chlorophyll b; Chl (a + b), sum of chlorophylls a and b; Car, carotenoid. Table 2 . Plant height (cm), total biomass (g DW), biomass of roots, shoots, old shoots and new shoots (g DW), root to new shoot biomass ratio and root to shoot biomass ratio of P. × canescens supplied with one of three N fertilizers (NH 4 NO 3 (N), Phe or mixture of N and Phe (N-Phe)). Data indicate means ± SE (n = 8). Different letters behind the values in the same column indicate significant difference between the treatments. P-values of the ANOVAs of the N treatments (N, Phe and N-Phe) are also shown. **P < 0.01; ***P < 0.001; ****P < 0.0001; ns: not significant. Table S2 available as Supplementary Data at Tree Physiology Online.
Treatment Height
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Data at Tree Physiology Online). Partial substitution of Phe with inorganic N partly recovered the NR activity, but reduced the activities of PAL, GS, AS, GOGAT and GDH in poplar roots (Figure 2a -e and Figure S5a and b available as Supplementary Data at Tree Physiology Online). In the leaves of poplars, Phe as a sole N source slightly induced the activities of NR and NiR, but markedly inhibited the activities of PAL and GS, in comparison with inorganic N (Figure 2f-i) . Partial substitution of Phe with NH 4 NO 3 also partly recovered PAL activity in poplar leaves (Figure 2h ), but further reduced the activity of AS (Figure 2j) .
In poplar roots, Phe as a sole N source led to significant increases in the concentrations of total free amino acids, endogenous Phe, Gln and Asn in comparison with inorganic N (Figure 3a-d) . In contrast, the mixture of Phe and NH 4 NO 3 resulted in a marked decrease in the level of total free amino acids in the roots of P. × canescens compared with inorganic N (Figure 3a) . Moreover, levels of other individual free amino acids, such as His, Glu, Val and Ile, were markedly decreased in Phe-supplied poplar roots compared with their counterparts in the roots treated with inorganic N (see Table S2 available as Supplementary Data at Tree Physiology Online). In poplar leaves, Phe as a sole N source caused significant decreases in levels of total free amino acids, endogenous Phe, Gln and Asn compared with inorganic N (Figure 3e-h ). The mixture of inorganic N and Phe recovered the levels of total free amino acids, endogenous Phe, Gln and Asn in poplar leaves in comparison with inorganic N (Figure 3e-h) . Furthermore, Phe as a sole N source decreased concentrations of other individual free amino acids including His, Glu, Arg, Ala, Val, Ser, Asp, Thr and Ile in poplar leaves compared with inorganic N (see Table S2 The NUE of poplars was also modified by Phe ( Figure 5 ). Phenylalanine as a sole N source significantly increased NUEs of 
Phenylalanine influences mineral status, carbohydrates, soluble proteins and phenolics
The levels of mineral nutrients, soluble sugars and starch, soluble proteins and phenolics were also altered in the roots and leaves of P. × canescens (see Figures S6 and S7 , Table S3 available as Supplementary Data at Tree Physiology Online). Phenylalanine as a sole N source significantly increased concentrations of Cu, Fe and Mn in the roots and of K and Mn in the leaves, but markedly decreased concentrations of root Na and foliar Mg of poplars, in comparison with inorganic N (see Table S3 available as Supplementary Data at Tree Physiology Online). Phenylalanine as a sole N source caused a decreased concentration of soluble sugars in the roots, but increased levels of starch in the roots and leaves of poplars, compared with inorganic N (see Figure  S6 available as Supplementary Data at Tree Physiology Online). Phenylalanine resulted in a decrease in concentration of soluble proteins in the roots, but an elevated level of soluble phenolics in the leaves, in comparison with inorganic N (see Figure S7 available as Supplementary Data at Tree Physiology Online).
Phenylalanine induces differential expression of genes involved in N metabolism
Phenylalanine as an organic N source resulted in differential expression of several key genes involved in N metabolism in the roots and leaves of P. × canescens (Figure 6 ). The mRNA levels of three family members of ANTs, which encode amino acid transporters transporting aromatic and neutral amino acids (Chen et al. 2001) , were assessed in Phe-treated poplars. In the roots, Phe as an aromatic amino acid and a sole N source resulted in a significant increase in mRNA level of ANT1 in comparison with inorganic N (Figure 6a ). Partial substitution of Phe with inorganic N partly reduced the stimulation of mRNA levels of ANT1, but still elevated the transcript level of ANT1, in comparison with inorganic N (Figure 6a) . Similarly, Phe also induced the mRNA level of ANT3 in the roots of poplars (Figure 6a) . However, the mixture of Phe and inorganic N caused a significantly transcriptional downexpression of ANT3 in poplar roots (Figure 6a ). In contrast with ANT1 and ANT3, the transcript levels of ANT4 in the roots remained relatively stable under Phe as a sole N source or the mixture of Phe and inorganic N (Figure 6a ). Two members of the PALs family encoding isoenzymes of phenylalanine ammonialyases (Zhang et al. 2013) were also assessed in poplars. The mRNA levels of PAL1 and PAL3 were decreased in the roots of poplars treated with either Phe as a sole N source or the mixture of Phe and inorganic N (Figure 6a ). The transcriptional levels of Figure 6 . The hierarchical clustering of differentially expressed genes involved in N metabolism in the roots (a) and leaves (b) of P. × canescens supplied with one of three N fertilizers (NH 4 NO 3 (N), Phe or mixture of N and Phe (N-Phe)). For each gene, the expression levels in the roots of P. × canescens treated with NH 4 NO 3 were defined as 1, and the corresponding fold changes were calculated under each condition.
Tree Physiology Online at http://www.treephys.oxfordjournals.org two ammonium transporters (AMT1;2 and AMT2;1), two nitrate transporters (NRT1;1 and NRT2;4B) and six genes (NR, GS1/2, NADH-GOGAT, ASN2 and GDH) involved in assimilation of NH 4 + and NO 3 − were evaluated in poplar roots (Figure 6a ). The transcript levels of AMT1;2 were increased in the roots supplied with Phe or the mixture of Phe and NH 4 NO 3 (Figure 6a ). The mRNA level of AMT2;1 remained unaltered under Phe as a sole N source, but was reduced in poplar roots treated with the mixture of Phe and NH 4 NO 3 (Figure 6a ). The mRNA level of NRT1;1 was decreased in Phe-supplied roots, but increased in the roots treated with the mixture of Phe and inorganic N (Figure 6a ). The NRT2;4B transcript levels were elevated in poplar roots supplied with either Phe as a sole N source or the mixture of Phe and NH 4 NO 3 (Figure 6a ). The transcript levels of NR and glutamine synthetase 2 (GS2) were downexpressed in the roots treated with either Phe as a sole N source or the mixture of Phe and inorganic N (Figure 6a) . In contrast to the expression pattern of GS2, the transcript levels of GS1 were elevated in the roots treated either with Phe or the mixture of Phe and inorganic N (Figure 6a ). The mRNA levels of NADH-GOGAT remained relatively stable in poplar roots supplied with either Phe as a sole N source or the mixture of Phe and inorganic N (Figure 6a ). The transcript levels of ASN2 and GDH were upregulated in Phe-treated roots, but downexpressed in the roots supplied with the mixture of Phe and inorganic N (Figure 6a ). In the leaves of P. × canescens, the mRNA levels of ANT1 and ANT3 were induced by either Phe as a sole N source or the mixture of Phe and inorganic N (Figure 6b ). In contrast, the transcript level of ANT4 remained relatively stable in the leaves of poplars supplied with either Phe as a sole N source or the mixture of Phe and inorganic N (Figure 6b ). The elevated PAL1 and PAL3 mRNA levels in the leaves treated with Phe as a sole N source, and induced transcriptional upregulation of PAL1 and PAL3 in the leaves supplied with the mixture of Phe and inorganic N, were found (Figure 6b ). The transcript level of AMT2;1 was downexpressed in the leaves treated with Phe as a sole N source, and remained unaltered under the mixture of Phe and inorganic N (Figure 6b ). An induced transcript level of NRT1;1 and a decreased mRNA level of NRT2;4B in the leaves treated with Phe as a sole N source, and elevated transcript levels of NRT1;1 and NRT2;4B in the leaves supplied with the mixture of Phe and inorganic N were detected (Figure 6b ). The transcript levels of NR, NADH-GOGAT and ASN2 were down-regulated in the leaves treated with either Phe as a sole N source or the mixture of Phe and inorganic N (Figure 6b ). The transcriptional expression of GS1/2 and GDH remained relatively stable in the leaves of poplars provided with either Phe as a sole N source or the mixture of Phe and inorganic N (Figure 6b 
Discussion
Populus × canescens can grow on the agar media supplied with Phe as a sole N source
Although it is well documented that herbaceous plants and most conifer species can survive on the substrates containing amino acids as single N sources (Persson et al. 2003 , Svennerstam et al. 2008 , Nasholm et al. 2009 , Gruffman et al. 2012 , only a few studies have investigated the influences of several amino acids as sole N sources on growth and nutritional status of hardwood species (Wilson et al. 2013 , Simon et al. 2014 , Dong et al. 2015 , Franklin et al. 2017 . Phenylalanine plays a key role in secondary metabolism of woody plants, particularly in lignin biosynthesis during wood formation (Pascual et al. 2016) . For the first time, here we demonstrate that the aromatic amino acid Phe, as an organic N fertilizer and a sole N source, can support poplar growth and development. In the current study, it turns out that poplars grown on the Phe-containing media had the greatest root biomass, root length, specific root length and root surface area in comparison with the ones treated with NH 4 NO 3 , Gly or Asp. This finding suggests that Phe stimulates poplar root growth. The stimulated root growth in the Phe-treated poplars is probably associated with the higher concentration of total free amino acid in the roots, which can provide abundant carbon skeleton and N resource for the growth. Furthermore, the relative higher levels of Gly and Asp in the Phe-treated roots indicate that P. × canescens can take up exogenous Phe from the agar media and convert it into other amino acids and metabolites to support root growth. In Pinus sylvestris, root uptake of amino acids, such as Ala, Asp, Glu, Arg and Gly, can be rapidly metabolized to other compounds (Persson et al. 2006) . It needs to be pointed out, however, that among the examined 20 amino acids, plantlets of P. × canescens could become rooted and survive on agar media containing one of most amino acids, although root and shoot growth performance of poplars treated with these amino acids was not as good as the one supplied with Phe. In the current study, we used the sterile agar media system to screen the appropriate amino acids as sole N sources for poplar growth. This sterile agar system precludes the interference of microorganisms in the soil system because soil microorganisms can degrade amino acids into inorganic N forms, leading to the difficulty to separate the effects of amino acids and their derivatives (inorganic N forms) on plant growth and N physiology (Franklin et al. 2017) . Our screening amino acid experimental results provide clear evidence that P. × canescens roots can assimilate exogenous Phe as a sole N source to stimulate root growth and development.
Phenylalanine as a single N source stimulates root growth and NUE in poplars
It is well documented that N availability in the substrate can result in shifts in shoot to root biomass partitioning (Hermans et al. 2006 ), but less is known about effects of different N chemical forms on biomass allocation between the roots and shoots (Gruffman et al. 2012 (Gruffman et al. , 2014 . Even at the same N concentration of inorganic N fertilizers and amino acids in the substrates, greater root systems and biomass are often observed in plants treated with amino acids as sole N sources (Nasholm et al. 2009 , Cambui et al. 2011 , Gruffman et al. 2014 . In line with the results obtained in the Phe-treated agar media, stimulation of root length, specific root length, root surface area and root biomass was also found in P. × canescens grown on the sand culture supplied with Phe as a sole N source or the mixture of Phe and NH 4 NO 3 . However, the shoot biomass was decreased in the Phe-treated poplars on the sand culture. This Pheinduced-shift in shoot to root biomass partitioning indicates that Phe alone or in combination with NH 4 NO 3 promotes allocation of more carbon and N resources to the root system. This contention is supported by higher concentrations of starch, total amino acids and Phe in the roots of Phe-treated poplars. In previous studies, it was shown that amino acids as single organic N sources for plants can enhance root growth (Cambui et al. 2011 , Gruffman et al. 2012 . For instance, seedlings of Norway spruce (Picea abies) and Scots pine (P. sylvestris) grown on Arg as a sole N source in the forest nursery had larger root systems and root to shoot biomass ratios in comparison with their counterparts treated with inorganic N, which further promoted seedling survival after transplanting and successful establishment of the plantations in the field (Gruffman et al. 2012) .
Although numerous studies have investigated the effects of organic N forms as sole N sources on plant growth and N metabolism, no information is available on the influences of organic N on activities of enzymes involved in assimilation of NH 4 + and NO 3 − in plants (Nasholm et al. 2009 , Franklin et al. 2017 . In this study, the lower activities of key enzymes including NR, GOGAT and GDH involved in inorganic N assimilation in the roots of P. comparison with those in the roots supplied with inorganic N. The Phe-induced higher activities of these enzymes in poplar roots indicate that re-utilization of Phe-derived N plays a pivotal role in N homeostasis in P. × canescens treated with Phe as a sole N source. Conversely, changes in activities of these enzymes were negligible in the leaves of P. × canescens treated with Phe, indicating that Phe-triggered changes in enzymatic activities are mainly constrained in the roots of poplars supplied with Phe as a sole N source or the mixture of Phe and inorganic N. Due to direct uptake of exogenous amino acids by plant roots, concentrations of internal amino acids are expected to be elevated in plants (Nasholm et al. 2009 ). Moreover, amino acids in the roots can be converted to other amino acids or N-containing compounds after uptake of the exogenous amino acids, leading to elevated levels of applied amino acids and total amino acids (Nasholm et al. 2009 ). Consistently, higher concentrations of total free amino acids, internal Phe, Gln and Asn were detected in the roots of P. × canescens treated with Phe as a single N source in comparison with those in the roots supplied with inorganic N. These results suggest that a sizeable exogenous Phe has been directly taken up by the poplar roots and that a part of these absorbed Phe is stored in the roots and a portion of the absorbed Phe is converted to other amino acids in the roots. Particularly, elevated levels of Gln and Asn in the roots of P. × canescens treated with Phe as a single N source indicate that a part of absorbed Phe by poplar roots has been converted to these amino acids. This contention is also supported by the higher enzymatic activities of GS and AS, which are key enzymes catalyzing the biosynthesis of Gln and Asn, and by the increased transcript levels of GS1 and ASN2, which are key genes involved in biosynthetic pathways of Gln and Asn in Phe-treated roots of P. × canescens. These results suggest that the pathway of Phederived N metabolism is mainly associated with the conversion of Phe to NH 4 + with the catalyzation of PAL, and further conversion of NH 4 + to Gln and Asn with the help of both enzymes (GS and AS) in Phe-supplied poplars. Additionally, the absorbed Phe in the poplar roots can be translocated to the aerial parts. Since concentrations of total free amino acids and internal Phe in the leaves of P. × canescens treated with Phe as a single N source were decreased in comparison with those in the inorganic-N-supplied leaves, translocation of the absorbed Phe from the roots to the leaves is probably limited in the current study. The decreased translocation of Ncontaining compounds from the roots to the leaves leads to lower levels of NH 4 + , NO 3 − and total N in the poplar leaves treated with Phe as a single N source. In a recent study, it was demonstrated that two or three times higher levels of amino acid N (Arg) than the levels of inorganic N fertilizer (NH 4 + ) are needed to sustain similar foliar N concentrations in the hybrid poplar (Populus nigra × P. maximowiczii) (Wilson et al. 2013 ). These results suggest that Phe as a sole N source for poplars is mainly allocated in the roots and a limited amount of Phe is transported to the aerial parts. Either inorganic or organic N assimilated by plants is expected to affect the productivity and NUE (Luo et al. 2015 , Franklin et al. 2017 . Nitrogen-use efficiency is often defined as the gained biomass per added N (Xu et al. 2012) . Two components, a fraction of applied N taken up by the plants, and the biomass gained per internal N of the plants, are key to NUE in plants (Xu et al. 2012) . Recently, it was proposed that amino acids as sole N sources for plants can enhance NUE by stimulated root growth and plant biomass gained per plant N (Franklin et al. 2017) . Consistently, higher NUE was found in the new shoots formed during the Phe-treated growth period, in the shoots or in the whole plants (including roots and shoots) of P. × canescens supplied with Phe as a sole N source. In the current study, although total biomass production of poplar plants was decreased in Phetreated P. × canescens, less exogenous Phe-derived N was absorbed by the poplar roots, resulting in higher NUE in poplars. Higher NUE in Phe-supplied poplars in comparison with those in plants treated with inorganic N is probably associated with the Phe-derived N recycling in the cells, stimulated root growth and the carbon bonus gained from the amino acid application. The advantage of Phe as an organic N source is that Phe-derived N can be re-utilized in plant cells to improve the utilization efficiency of N (Shi et al. 2013 , Pascual et al. 2016 . The carbon bonus of amino acids as sole N sources in comparison with inorganic N fertilizers is widely accepted because plants can simultaneously gain carbon and N in amino acids, but only N is obtained in inorganic N fertilizers (Nasholm et al. 2009 , Franklin et al. 2017 ). This enables plants to save a lot of energy for amino-acids-derived carbon, leading to higher biomass gain per plant N (Franklin et al. 2017) .
Uptake and assimilation of amino acids, NH 4 + and NO 3 − is controlled by several key genes in plants, including transporters of amino acids, NH 4 + , NO 3 − and enzymes involved in conversion of amino acids-derived N to intermediates. Members of the ANTs family encode amino acid transporters that transport aromatic and neutral amino acids in plants (Chen et al. 2001) , while PALs encoding members of phenylalanine ammonia lyases catalyze the conversion of Phe into trans-cinnamic acid and ammonium in plant cells (Huang et al. 2010 , Shi et al. 2013 . Additionally, transcriptional regulation of transporters of ammonium and nitrate, such as AMT1;2, AMT2;1, NRT1;1 and NRT2;4B, and several genes encoding enzymes, such as NR, GS1/2, NADH-GOGAT, AS and GDH, plays a pivotal role in uptake and assimilation of inorganic N in poplars , Li et al. 2012 , Bai et al. 2013 , Luo et al. 2013a , Gan et al. 2016 . In this study, upregulation of ANT1 and ANT3 in the roots and leaves of P. × canescens treated with Phe as a sole N source indicates that both Phe transporters are critical for poplars to absorb Phe from the sand substrate. The transcriptional downexpression of PAL1 and PAL3 in the Phetreated roots of poplars suggests that the expression of both genes is probably inhibited by high internal Phe levels in poplar cells treated with Phe as a sole N source for a relatively long term. In contrast, the overexpression of PAL1/3 in the Phesupplied leaves indicates that transcriptional regulation of PAL1/ 3 plays a role in Phe-derived N recycling in poplar leaves. The repressed expression of AMT2;1 in the roots and leaves of Phesupplied poplars is probably associated with internal NH 4 + reutilization after deamination of Phe in cells because fewer NH 4 + ions need to be transported between cells in Phe-supplied poplars. Furthermore, the reduced mRNA levels of several genes encoding NR, GS2, NADH-GOGAT and GDH in Phe-treated poplars indicate that inorganic N assimilation is probably repressed in the roots and leaves in comparison with that in plants fertilized with NH 4 NO 3 . The downregulation of these genes involved in uptake and assimilation of NH 4 + and NO 3 − in
Phe-supplied poplars is probably a molecular acclimation process to the organic N fertilizer. Although transcriptional regulation of genes involved in inorganic N metabolism has been well documented in woody plants , Luo et al. 2013a , to our knowledge, no other studies have reported the transcriptional changes of genes implicated in organic N uptake and assimilation in woody plants supplied with amino acids as sole N sources. Taken together, these results indicate that P. × canescens roots can take up Phe as a single N source to stimulate root growth and NUE, which is probably associated with NH 4 + reutilization after Phe deamination and the carbon bonus simultaneously obtained during Phe uptake.
Poplar roots absorb 15 N-labeled Phe and transport it to the aerial parts
It is well known that inorganic N fertilizers, such as NH 4 + and NO 3 − , are absorbed by plant roots and translocated to the aerial parts to support growth (Xu et al. 2012) , but uptake of exogenous amino acids and translocation of these organic N forms to aboveground parts of plants awaits more experimental evidence (Nasholm et al. 2009 ). Using 15 N labeling in earlier studies, it was demonstrated that exogenous amino acids labeled with 15 N can be taken up by the roots and further transported to aerial parts of the plants (Nasholm et al. 2009 , Cambui et al. 2011 , Gruffman et al. 2013 , Rothstein 2014 . Moreover, 15 N-labeling experimental results indicate that a greater proportion of aminoacids-derived N is retained in the roots to stimulate root growth and only a small fraction of amino-acids-derived N is translocated to the aerial parts of the plants treated with amino acids as N sources (Cambui et al. 2011 , Gruffman et al. 2013 . The absorbed amino acid N by the plants is likely allocated to aerial parts at a much lower rates than inorganic N, such as NH 4 + and NO 3 − Stewart 1999, Persson et al. 2006 ).
In line with these previous studies, in our 24 h 15 N-labeling even though these N forms were at the same concentration in the hydroponic system. Since no mycorrhizas were detected in these poplar roots (data not shown) and the 15 N-labeling experiment was carried out in the sterile hydroponic system within a relatively short period (24 h), it is unlikely that microorganisms derived from the soil are involved in the conversion of Phe to inorganic N forms, interfering with our 15 N-labeling experimental results. Moreover, in our initial experiment for screening amino acids, the sterile agar system precludes the interference of microorganisms from the soil. The high levels of endogenous Phe, Gly and Asp in the roots of P. × canescens supplied with Phe as a sole N source also demonstrate that poplars can absorb Phe and subsequently convert partial Phe into Gly and Asp, and other metabolites to support growth. Thus, it is concluded that P. × canescens roots can take up Phe as an N source and translocate it to the aerial parts to support plant growth and development.
In conclusion, a larger root system, and decreased CO 2 assimilation rate were observed in Phe-treated poplars in comparison with those with NH 4 NO 3 exposure. In the same line, a greater root biomass and a decreased shoot growth were detected in Phe-supplied poplars. The morphological and growth changes are associated with physiological acclimation of P. × canescens supplied with Phe as a sole N source. As outlined in Figure 8 , higher activities of key enzymes including PAL, GS and Figure 8 . Simplified pathways of Phe-derived and inorganic N metabolism in P. × canescens. AMTs, ammonium transporters; ANTs, aromatic and neutral amino acids transporters; NRTs, nitrate transporters; NR, nitrate reductase; NiR, nitrite reductase; PAL, phenylalanine ammonia lyase; GS, glutamine synthetase; AS, asparagine synthase; GOGAT, glutamine oxoglutarate aminotransferase; GDH, glutamate dehydrogenase; 2-OG, 2-oxoglutarate. The solid and dashed lines denote the pathways of Phe-derived and inorganic N metabolism in poplars, respectively.
Tree Physiology Online at http://www.treephys.oxfordjournals.org AS, and increased transcript levels of putative Phe transporters (ANT1 and ANT3), GS1 and ASN2, which are involved in reutilization of Phe-derived N, were found in poplar roots treated with Phe as a sole N source. In contrast to the assimilation of organic N (Phe), decreased activities of several enzymes (NR, GOGAT and GDH), and downexpressed mRNA levels of several genes including NR, NADH-GOGAT and GDH, which take part in the assimilation of inorganic N (NH 4 + and NO 3 − ), were observed in the roots and/or leaves of poplars supplied with Phe as a single N source. Accordingly, reduced concentrations of NH 4 + , NO 3 − and total N, and enhanced NUEs were detected in Phe-supplied poplars. The 15 N-labeled Phe was mainly allocated in the roots and only a small amount of 15 N-Phe was translocated to poplar aerial parts. These results indicate that poplar roots can acquire Phe as an N source to support plant growth and that Phe-induced higher NUEs in the poplars are probably associated with NH 4 + re-utilization after Phe deamination and the carbon bonus simultaneously obtained during Phe uptake. These findings have important implications in organic N application for fastgrowing forest plantations. However, it needs to be pointed out that these results are derived from experiments that were carried out under well-controlled conditions. In future studies, it will be important to do field experiments using similar N treatments to examine the validity of these results. Caution should be taken when we consider the possible applicability of Phe fertilization for forest plantations in the field conditions. Field experimental evidence will be needed to support the idea that an increase in NUE of poplars can be achieved by the supply of Phe fertilizers.
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